The paper presents a genetic algorithm -based design approach of the robotic arm trajectory control with the optimization of various criterions. The described methodology is based on the inverse kinematics problem and it additionally considers the minimization of the operating-time, and/or the minimization of energy consumption as well as the minimization of the sum of all rotation changes during the operation cycle. Each criterion evaluation includes the computationally demanding simulation of the arm movement. The proposed approach was verified and all the proposed criterions have been compared on the trajectory optimization of the industrial robot ABB IRB 6400FHD, which has six degrees of freedom.
INTRODUCTION
The optimisation of the robotic arm trajectory is a frequent design problem. Because of the complexity of this task in the past, many of the proposed approaches entailed only a suboptimal solution. Due to that reason, previously, several authors have used evolutionary algorithms. Rana and Zalzala (1997) applied EA to the collision-free path planning of the robotic arm. In Garg & Kumar (2002) , the formulation and application of Genetic Algorithm and Simulated Annealing for the determination of an optimal trajectory of a multiple robotic configuration is presented. In Park et al. (1999) a method for optimal trajectory control using the Evolution Strategy is proposed. In the first step, the optimal trajectory based on the cubic polynomials under certain physical constraints is determined. In the second step, the fuzzy controller is optimized to precisely track the determined trajectory. Davidor (1991) uses Genetic Algorithms with regards to the trajectory generation by searching the inverse kinematics solutions to pre-defined paths of end-effectors. In Juang (2004) a multi-manipulator collision avoidance using Genetic Algorithms is presented, the safety distance between objects is affected by the repulsive force gain and real-time manipulator collision avoidance control has been achieved. Multi-objective Genetic Algorithm for generating manipulator trajectories considering obstacle avoidance is proposed in Pires (2004) . The results are presented for robots with two and three degrees of freedom (DOF), considering two and five optimization objectives. An overview of using evolutionary algorithms in controller design and robotics can be found in Sekaj (2011) .
In the presented approach, the robotic arm trajectory design is based on inverse kinematics problem solving (IKP) with connection to further optimizations of selected criterions. The inverse kinematics problem of the robot -the dependency between the joint variables and the coordinates of the end effector (or the end point of the arm) represents a complex problem with infinite number of possible solutions. The more DOF the robot has the more complex the calculation of the IKP is. An additional consideration of other optimization criterions into the IKP becomes a very difficult task, almost insolvable using conventional methods e.g. Garg & Kumar (2002) , Juang (2004) , Vigrala et al. (2013) . We propose the solving of the IKP using additional criterions, which make the problem solvable with a powerful optimisation approachthe Genetic Algorithm (GA). Three additional optimisation criterions (together with the positioning accuracy) are considered. These are the minimisation of energy consumption, minimisation of operation time as well as the criterion of minimal total angular changes of the robotic arm.
INVERSE KINEMATICS PROBLEM
A robot with n degrees of freedom ( Fig.1) has the joint rotation angles α 1 , α 2 , ..., α n and performs N operations in points P 1 to P N defined in a clockwise cartesian coordinate system P i [x i ;y i ;z i ] . Each operating point (end effector of the manipulator) is characterized by n-angles of the joint rotation {1,2,3,...,N}. (1) According to (1), the aim of the inverse kinematics task for the execution of a single robot cycle is the search for a sequence of N vectors of angles, which characterize the desired operating points. In general, using conventional design methods under consideration of additional criterions, it is not possible to solve the inverse kinematic task for a robotic arm with n degrees of freedom e.g. Pac et al. (2013) , Vigala et al. (2013) . To solve this problem it is possible to use other approaches as evolutionary algorithms. Because the number of search parameters in such formulation of the task is constant, the Genetic Algorithm can be used. Each potential solution of the problem represents a vector of values
Each potential solution (individual) represents the rotation of all robotic joints, which move in terms of the end effector between points P 1 to P N . The range of values for each parameter α j,i is from the interval max min ,  , which is the rotation range of each particular arm joint. The optimal solution is such a vector S * , which minimises the selected criterion.
GENETIC ALGORITHM
The genetic algorithm (GA) e.g. Goldberg (1989) , Eiben (2007) and others is a powerful, stochastic based search/optimization approach, which imitates biological evolution. It is based on the following steps:
1. initialization of the population (set of individuals), 2. fitness function (criterion) calculation of each individual of the population, 3. if termination conditions are met, then finish (in our case -predefined number of generations), else continue in step 4, 4. parent selection (more fit individuals have higher probability to be selected, in our case the stochastic universal sampling was used, 70% of individuals of the population were selected), 5. modification of parents by crossover and mutation = children, 6. completion of the new population (children + selected unchanged individuals), 7. continue in step 2.
An individual is a string containing parameters of the optimized object. In our case, the individual is in the form (2). Mutation is an operation, where a parent individual is randomly changed (mutation rate was 0.1). Crossover is an operation, where properties of two parent individuals are randomly combined to produce a child (crossover rate used was 0.7). The fitness function evaluation contains the calculation (or a simulation) of the robot movement and the cost function evaluation. The cost function in our case contains at least two particular criterions. The population size used in our case was set as quadruple of the gene number.
Particular optimisation criterions
The choice of the objective function will have a determining influence on the final solution. The robot positioning optimization has many aspects. Next, the selected optimisation criterions are explained: minimizing of the operation cycle time, energy consumption and sum of all robotic arm rotation angles during an operating cycle.
Energy
The Energy criterion represents the minimization of energy consumed by the robot handling a working tool (or a load).
The rotations of arms are forced by motors with rated outputs of EP 1 , EP 2 to EP N . Energy consumed between two operational points counts as the energy consumed by motors during transition from one operating point to another. Energy consumed between two working points (p2p -point to point) P a and P b is then determined as
where EP r,i is the required energy of i-th joint rotation per 1°.
Energy needed for the entire trajectory of the robot per cycle (with N points) is given as
Operation time
The time criterion is minimizing the manipulator time, which is required for the complete working cycle realisation. The time between the two operation points a and b is defined as
where TP r,i is the rotation time of the i-th joint needed for the angle of 1°.
Time taken to pass the entire trajectory of one working cycle (with N points) is given as
Rotations
This criterion minimises the sum of all rotations of all joints during the operation cycle. The criterion for the movement between points a and b is defined as
The sum of the angles in the transition across the trajectory of a single working cycle (with N points) is given as
Positioning accuracy
This criterion represents the accuracy of the positioning of the robot end effector -the positioning error. It represents the euclidean distance between the desired and the calculated points in the 3-D space. This condition must be considered in each control strategy. The positioning error is defined as 
The used objective functions
The objective functions, which are used in the GA optimisation process, consist of at least two criterions. The first one is always aimed at achieving the defined operating points with the required accuracy (9). The second criterion will determine whether it will be: a) time-optimal (6), b) rotation-optimal (8) or c) energy-optimal (4) design:
where β=20, γ=15 and δ=20 are weighting coefficients (the coefficients were set after suboptimal solution investigation).
In general, the objective function can contain more criterions. By combining of (10), (11) and (12) 
CASE STUDY
The presented approach has been verified using the simulation model of the industrial robot ABB IRB 6400FHD (Fig. 1) . The robot is defined by arm lengths R 1 = 0.188 m, R 2 = 1.175 m; R 3 = 1.3m; R 4 = 0.2m; tool: R 6x = 0.3; R 6y = 0.1 (Fig.2) and by the dynamic parameters listed in Table 1 . Using the methodology described above we find the optimal trajectory -operational cycle which is given by ten operational points defined in (14). The robot performs this trajectory as a closed and repeating cycle. The cycle includes the return from P 10 to P 1 as well. 
Direct kinematics
The robot end effector trajectory is described in a clockwise coordinate system using the transformation matrix (TM) where the matrices A, B, C, D, E, F, G, H, I are defined in Table 2 .
TM = A*B*C*D*E*F*G*H*I
The coordinates (x,y,z) of the robot end-effector are given as
Individual representation
Each individual of the GA population is in form (2) and has 6 x 10 = 60 items (genes) which corresponds to 6 rotation angles for reaching of each working point. The ranges of all genes are defined in column 2 of Tab. 1. Note that a singular configuration cannot appear due to the definition of this task.
Table 2. Direct kinematics -transformation matrixes
Rotation Movement
Results and discussion
The selected terminating condition of the GA represents the calculation of the predefined number of generations. Experimentally, the value has been set up to 750,000 generations. The obtained results for the time-optimal control are shown in Tab. 3-4, for the minimum-rotation control in Tab. 5-6, for the energy-optimal control in Tab. 7-8 and for the combined control in Tab. 9-10.
The goal of the time-optimal control is to achieve the shortest time of the operation cycle. The best result achieved was 7.33 seconds (see Tab.11 ). This solution is inefficient from the point of view of energy or the sum of rotation criterions. The sum of the rotation was 50.12 rad and the power consumption per cycle was 53.32 Ws.
In the case of the minimum-rotation control strategy, the best result achieved was the sum of all rotations amounting to 19.74 rad. This solution is close to the combined-optimal control case (Tab. 10). Table 5 . Joint rotations for minimum-rotation control Table 9 . Joint rotations for the combined control The energy-optimal task has achieved 8.6089 Ws. In this case, it is possible to see the strong correlation between the energy and the time-optimal trajectory. The energy-optimal control is relatively fast (only about 3.5% slower than the fastest trajectory) and also relatively efficient in terms of sum of rotations (26.7% increase in comparison to the rotationoptimal solution).
The last case was aimed at finding a combined-control strategy. It includes all the components representing accuracy, operation time, sum of rotations and energy consumption. This solution is fast (only about 3.7% slower than the fastest trajectory), it obtains a good value of rotations (6.3% higher than the rotation-optimal case) and a low power consumption (3.8% higher in comparison with the energyoptimal solution).
The evolution of the objective functions of all optimization cases is depicted in Fig. 3 , Fig.4 and Fig.5 . In Fig. 5 the comparison of the evolution of the positioning accuracy in each optimization strategy is compared.
CONCLUSION
In the proposed robotic arm trajectory optimization, various design aspects have been considered, like operation-time minimization, robot rotation minimization, energy consumption minimization and combined optimization. Because the inverse kinematics task for a robot with many degrees of freedom is a complex problem, the genetic algorithm approach in combination with the robot simulation has been proposed. The results obtained have shown that such a design is able to provide very good results and it can achieve significant time savings, energy and wear and tear on the equipment. Fig. 3 . Graphs of the objective function evolution for the time-optimal (TO) and rotation-optimal (AO) solution Fig. 4 . Graphs of the objective function evolution for the energy-optimal (EO) and combined-optimal (CO) solution 
